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Primers design 2
All of the genomic sequences of the PBoVs utilized in this study were derived from 3
GenBank nucleotide sequence database. The highly conserved regions within each 4
PBoV group genome were aligned with Clustal W (DNAStar Inc., Madison, WI, USA) 5 (Fig 1) . Primers corresponding to the conserved regions of the viral genomes were 6 designed using Primer Premier 5.0 (Primer Biosoft International, Palo Alto, CA, 7 USA). Three pairs of primers were designed to amplify PBoV G1, G2 and G3 for the 8 conventional PCR and standard plasmid template construction (Table 1) . Another 9 three pairs of primers were selected within the range of the amplicons that were 10 capable to amplify and differentiate three PBoV groups with respective distinct 11
amplicon Tm values by melting curve analysis in an EG-mPCR reaction (Table 1) . 12
The specificity of the primers was confirmed against random nucleotide sequences 13 obtained by a BLAST search in GenBank databases from the National Center for 14 Biotechnology Information (NCBI). All primers were obtained from a commercial 15 source (Sangon Biotech. Co., Ltd, Shanghai, China). 16 17
Nucleic acid extraction 18
The samples were processed as described previously [5] . Briefly, tissue samples were 19 minced and diluted 1:10 (w/v) in Dulbecco's modified Eagle's medium, homogenized 20 and centrifuged at 1500 g for 10 min to obtain the supernatant. Faecal samples were 21 The PCR reactions for PBoV G1, G2 and G3 were conducted in a 25 µL mixture and 7 included 2.5 µL 10× PCR buffer, 1.2 µL 2.5 mM of each dNTPs, 2.5 µL 25 mM 8
MgCl 2 , 0.5 µL of each 10 µM primer (Table 1 ), 1.5 U of Taq DNA polymerase (5 9 U/µL) (Sangon), 2 µL of the DNA and 16 µL distilled water. The amplifications were 10 performed in a thermal cycler (Bio-Rad Laboratories, Hercules, CA, USA) under the 11 following conditions: after initial denaturation at 95°C for 3 min, 35 cycles were 12 conducted at 94°C for 30 s, 56°C for 30 s and 72°C for 30 s, followed by a final 13 extension at 72°C for 10 min. The amplicons were detected by electrophoresing 5 µL 14 aliquots through 1.5% agarose gel in 1×TAE (40 mM Tris-aceate [pH 8.0], 1 mM 15 EDTA). Each specific viral target fragment was cloned into the plasmid pMD18-T 16 (TaKaRa), and then sequenced by Sangon to construct recombinant standard plasmid 17 templates. 18 19 2.5. EvaGreen®-based multiplex real-time PCR (EG-mPCR) assay to detect and 20 differentiate PBoV G1, G2 and G3 21
To detect and differentiate the DNA of these three PBoV groups in a single step, 22
EvaGreen®-based singleplex real-time PCR assays (EG-sPCR) were first developed. 1 Briefly, EG-sPCR for PBoV G1, G2 and G3 were performed in a 10 µL reaction 2 volume containing 1 µL of 10× PCR Buffer and 25 mM MgCl 2 , 0.2 mM dNTP mix, 3 0.5 U Taq DNA polymerase (Sangon), 0.5 µL of 20× EG (Biotium, Hayward, CA, 4 USA), 0.2 µM of the forward and reverse primers (Table 1) , and 1 µL each of plasmid 5 DNA. The amplification was run on an ABI 7300 Detection System (Applied 6
Biosystems, Foster City, CA, USA) under the following conditions: initial 7 denaturation at 95°C for 3 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 8 min. Based on the established EG-sPCR, a series of experiments were performed to 9 optimize the EG-mPCR protocol, including reagent concentration and PCR cycling 10 parameters. After optimization, the EG-mPCR was carried out in 25 µL of the reaction 11 mixture containing 2.5 µL of 10× PCR Buffer and 25 mM MgCl 2 , 0.5 mM dNTP mix, 12 A total of 227 clinical specimens from different Chinese pig farms were tested for 7 PBoV G1, G2 and G3 by EG-mPCR and EG-sPCR assays. Each specific viral target 8 fragment was cloned into the plasmid pMD18-T (TaKaRa), and each amplicon was 9 sequenced by Shanghai Sangon Biotechnology Co., Ltd. 10 PBoVs including 17 PBoV species clustered into three groups (PBoV G1, G2 and G3) 17 (Fig S1) . Although the sequences displayed low similarity between groups, the PBoV 18 sequences within each group were found to be relatively conserved (Fig 1) , and 19 specific primers targeting each PBoV group were successfully designed for 20 conventional and real-time PCRs (Table 1) . 21
2. Specificity detection of PBoV G1, G2 and G3 in the EG-mPCR assay 1
To determine the specificity of the assay, the three targeted and all non-targeted 2 viruses were tested with the EG-mPCR assay. Three discriminated melting peaks for 3 each PBoV group were generated from amplicons after melting curve analysis, while 4 no specific amplification was detected with the other non-targeted pig viruses 5 including PCV1, PCV2, PRRSV, CSFV, TGEV and PEDV, although lower melting 6 peaks formed by slight primer dimers were observed (Fig 2A) . When all three targeted 7
PBoV groups were tested in the same reaction, three targets were discriminated by 8 three distinct melting peaks through melt curve analysis followed by mPCR 9 amplification, with Tm values of 81.3 ± 0.34°C for PBoV G1, 78.2 ± 0.37°C for 10 PBoV G2, and 85.0 ± 0.29°C for PBoV G3 (Fig 2B) . In addition, the specific 11 amplifications were also confirmed by electrophoresis with a 3% agarose gel (data not 12
shown). These results demonstrated that the EG-mPCR was specific for detection and 13 differentiation of the three PBoV groups. 14 15 3.3. Sensitivity and standard curves of the EG-mPCR assay 16
The sensitivity of the EG-mPCR assay was performed by testing serial dilutions of 17 known concentrations of standard plasmid DNAs, and the standard curve was 18 constructed using threshold cycles (C t ) and log inputs for various DNA concentrations 19 ranging from 1.0× 10 2 copies/µL to 1.0× 10 7 copies/µL with 10-fold serial dilutions to 20 calculate efficiency. The minimum plasmid concentration with a positive result was 21 100 copies/µL (PBoV G1), 50 copies/µL (PBoV G2), and 100 copies/µL (PBoV G3) 22 M A N U S C R I P T (Fig 3) , and the amplification efficiency of PBoV G1, G2 and G3 was 0.986, 1.027 1 and 1.067 respectively, demonstrating a satisfactory state of amplification. To 2 simulate the infection status of the three PBoV groups in the actual field setting, 3 various template combinations were chosen to determine the sensitivity of the assay. 4
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When one PBoV group was present at 1.0× 10 6 copies/µL, the detection limit for 5
PBoV G1, PBoV G2 and PBoV G3 was 500, 250 and 250 copies/µL respectively, and 6 250, 250 and 100 copies/µL with three PBoV groups mixed in the same 7 concentrations (Fig 3) . 8 9
Intra and inter-assay reproducibility of the EG-mPCR assay 10
Intra-and inter-test repeatability of the Tm-based method were performed in triplicate 11 for each dilution within the same run and each concentration was repeated at three 12 different times to assess the reproducibility of the EG-mPCR assay. The intra-assay 13 variability for Tm values corresponding to 10 3 -10 5 copies/µL of each PBoV group was 14 low with a coefficient of variation (CV) from 0.15 to 1.59%. The inter-assay 15 variability of CV for Tm value was also low, in the range of 0.13 to 1.40% (Table 2) . 16
Less than 2.0% CV among intra-and inter-tests demonstrated a good repeatability of 17 the assay. 18 To assess the EG-mPCR for diagnosis of PBoVs, 227 clinical specimens were tested 21 for for all three PBoV groups G1, G2 and G3 by the EG-mPCR and the EG-sPCR 22 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 13 using the same three sets of primers (Table 3) . Among the 227 clinical samples, 15.0%, 1 25.1% and 41.9% were positive for PBoV G1, G2 and G3 by the EG-mPCR. A total 2 of 124 samples were positive with the EG-sPCR. The coincidence between the two 3 diagnostic methods was 99.1%. 4
5
In addition, mixed infection of PBoV G1 and G2 was found in 3.1% of the samples, 6
PBoV G1 and G3 in 5.7%, PBoV G2 and G3 in 13.2%, and all three PBoV groups 7 were detected in 3.1% of the 227 samples when tested with the EG-mPCR assay. The 8 positive samples were confirmed by sequencing and all the sequences obtained 9 clustered in their respective groups by phylogenetic analysis. These results indicated 10 that the EG-mPCR could be applied for detection and differentiation of the three 11
PBoV groups in clinical samples and for epidemiological investigation. 12 and diseased pigs [14] . Similarly, human BoV1 (HBoV1) is known to be a respiratory 1 pathogen, while HBoV2-HBoV4 are likely putative agents causing gastroenteritis [23] .
In the present study, all currently available partial and complete or nearly complete 8 genome sequences that have been deposited in GenBank were aligned and 9 phylogenetic analysis showed that PBoV feld into three distinct genetic lineages, thus 10 generating three bocavirus groups designated PBoV G1, G2 and G3 based on the 11 earliest dates of publications describing the first members of these clusters. This 12 classification is in agreement with previous studies [4, 5, 24] . Despite the high genetic 13 diversity observed in PBoV, the sequences within each group are relatively conserved 14 and designing a specific primer targeting each group is possible. The EG-mPCR assay 15 was developed based on the melting curve analysis of different amplicons for each 16
PBoV group using an EvaGreen® dye with a distinct melting temperature (Tm) for 17 each specific melting peak. The final Tm values of the three PBoV groups were 81.3 ± 18 0.34°C ， 78.2 ± 0.37°C and 85.0 ± 0.29°C, respectively, which can be easily 19 differentiated from each other and used for identification of each PBoV group. The 20 assay did not generate any specific melting peak when non targeted pig viruses and a 21 blank control were tested which is suggestive of good specificity. Despite small melt 22 M A N U S C R I P T
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peaks corresponding to primer dimer observed in this study, which was believed to 1 occur even under optimal conditions regardless of primer design and primer 2 complementarity [25], these small melt peaks could be easily discriminated from the 3 target amplicons because of a lower Tm value and signal strength. Furthermore, 4 sequencing the positive samples confirmed the specificity of the assay. 5 6 High sensitivity is important for diagnostic tools. The EG-mPCR assay described here 7 could detect as few as 100 copies/µL for PBoV G1, 50 copies/µL for PBoV G2 and 8 100 copies/µL for PBoV G3, although slight primer dimers were observed in some 9 cases, which may affect the assay sensitivity. The assay was more sensitive than 10 conventional PCR assays which were reported to have a detection limit of around 10 5 11 copies/µL for PBoV [15] , and even compared with TaqMan based real time PCR 12 which had detection limit of 600 copies/µL for PBoV2 [5] . Similar sensitivities for 13 EG-mPCR assays were also reported previously for simultaneous detection of six pig 14 viruses with detection limits ranging from 100 to 500 copies/µL [26] . Under field 15 conditions, pigs can be co-infected with certain PBoV groups [5] . To account for this, 16 four mixed combinations were chosen to further validate the sensitivity of the 17 EG-mPCR assay. The sensitivity of three PBoV groups decreased with the limits of 18 detection ranging from 250 to 500 copies/µL when combined with one or two groups. 19
It is notable that with one PBoV group present at a fixed concentration of 1.0 × 10 6 20 copies/µL the detection limit for PBoV G1 or G3 was higher than that with three 21
PBoV groups mixed in the same concentrations (Fig 3) . This may be caused by 22
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multiple targets competing for enzymes and nucleotides, interaction of primers with 1 each other and interference with each other of different melt peaks when 2 co-amplifications are performed in one tube, as was also observed in a previous study 3
[26]. Nevertheless, the assay was still comparable to probe-based multiplex real-time 4 PCRs which had a detection limit around 10 2 copies/µL [27, 28] . In addition, the 5 EG-mPCR is highly repeatable with both intra-assay and inter-assay variation within 6 2%. These data demonstrated a good specificity, sensitivity, repeatability of the 7 EG-mPCR assay. 8 9
The established EG-mPCR assay was then applied to the detection of PBoV present in 10 clinical samples from pigs. Among 227 clinical samples, a total prevalence of 53.7% 11 was detected for PBoV by the EG-mPCR, of which 99.1% of the positive results were 12 in agreement with the EG-sPCR assay. Among the PBoV groups, PBoV G3 had the 13 highest overall prevalence of 41.9% and PBoV G1 had the lowest overall prevalence 14 of 15.0%. The relative ratio of the detection rates for the three PBoV groups was 15 similar to the relative size of three branches in the phylogenetic tree (PBoV G3 16 branch > PBoV G2 branch > PBoV G1 branch), although most of porcine samples 17 examined in this study were from faeces, mainly considering ease if collection of this 18 sample type and a higher assumed prevalence rate in faecal samples compare with 19 other sample types [14] . Our findings were similar to the prevalence of PBoV groups 20 or subgroups ranging from 17.2 to 43.1 % in American pig herds [5] . Interestingly, 21 while a higher prevalence rate of PBoV (81.8%) was detected in serum samples from 22 M A N U S C R I P T
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healthy pigs in this study compared with 21.3% in serum samples from clinical US 1 pigs and 40% in healthy Chinese pigs [29] , the former did not detect any PBoV G1, 2 and the latter two just identified PBoV G1 and/or G2. Nevertheless, high prevalent 3 rate of these viruses were detected in this study in porcine faecal, lung, serum samples, 4 although most of which were from porcine faeces which was also the most frequent 5 sample type tested, suggesting a wide tissue tropism of these viruses [5, 10, 14] . 6 7 Lau et al. first reported a Hong Kong pig infected with two subtypes of PBoV G3 8 (PBoV4-1 and PBoV4-2) [14] . Recent research indicated that co-infection with 9 multiple different sequences belonging to the same or different PBoV group(s) in the 10 same sample type was a common finding in swine herds in the USA and in China [5, 11 30 ]. In the current study, mixed infections of PBoV G1 and G2, PBoV G1 and G3, 12
PBoV G2 and G3 and PBoV G1, G2 and G3 were detected in 3.1%、 5.7%、 13.2% and 
In summary, the EG-mPCR assays described here provides an alternative tool for 1 simultaneous, rapid, sensitive and low-cost detection of PBoV G1, G2 and G3 in 2 swine for epidemiological surveillance, which could help to better understand 3 evolutionary characteristics, epidemiology and disease association of PBoVs. 4 5
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